Submicroscopic, needle-shaped titanomagnetite inclusions exsolved in silicate minerals commonly occur in mafic intrusive rocks and are protected from alteration by their silicate hosts, making them excellent candidates for paleomagnetic studies. A suite of samples containing clinopyroxene-and plagioclase-hosted magnetite inclusions from five geologically diverse sites was examined using magnetic force microscopy to image the inclusions' magnetic domain state. Alternating field demagnetization experiments indicate that some inclusions are more stable recorders than others. The two factors controlling the remanence behavior of the inclusions are internal microstructures and inclusion dimensions. Magnetite-ulvöspinel unmixing within an inclusion subdivides the original titanomagnetite solid solution into a boxwork structure composed of 10 3 -10 5 magnetite prisms separated by thin ulvöspinel lamellae. The conversion of multidomain-sized needles into assemblages of interacting single domains increases the coercivity (and hence relaxation time) of the inclusions, and results in a thermochemical magnetic remanence. In samples without this exsolution microstructure, the inclusions' diameters determine coercivity and their magnetization is thermoremanent. Both styles of high-coercivity inclusions successfully record paleomagnetic directions in Mesozoic rocks, and their ubiquity within silicate minerals (clinopyroxene and plagioclase) of mafic intrusive rocks indicates their value as chemically and magnetically stable tools for elucidating the ancient magnetic field, marine magnetic anomalies, and crustal kinematics.
INTRODUCTION
A magnetic medium capable of maintaining a recording of the direction and intensity of the Earth's magnetic field over billions of years is needed to describe geodynamo behavior and crustal kinematics during the Precambrian. Such a recorder must be stable in the face of variations in temperature, pressure, chemical environment, and redox state caused by common geologic processes such as metamorphism, weathering, and hydrothermal alteration. Typically used magnetic recorders, such as basalt and pelagic limestone, have successfully recorded geodynamo behavior during the Cenozoic and Mesozoic, but become progressively more rare and mineralogically altered with age. Pre-Mesozoic supracrustal rocks that have not undergone alteration are not numerous enough to fully describe the magnetic field behavior during the 3 b.y. encompassed within ancient geologic terrains.
Titanomagnetite inclusions in pyroxenes and plagioclases of mafic intrusive and metamorphic rocks are an alternative medium and have been known to record stable magnetiza-*E-mail: feinberg@eps.berkeley.edu.
tions consistent with expected geomagnetic field orientations (Evans and McElhinny, 1966; Hargraves and Young, 1969; Murthy et al., 1970; Renne and Onstott, 1988; Xu et al., 1997; Selkin et al., 2000; Renne et al., 2002) . Clinopyroxene and plagioclase are major constituents of gabbros and anorthosites, which are commonly preserved in Precambrian shield areas. The silicate host isolates the magnetic inclusions against chemical alteration by hydrothermal fluids and protects the titanomagnetite from oxidation. Before these inclusions can be used as paleomagnetic tools, rock magnetic properties of the inclusions such as relaxation time, acquisition of magnetization, and anisotropy of remanence must be addressed. Herein we explore the issues of relaxation time and acquisition of magnetization.
EVALUATING RELAXATION TIME
Relaxation time () is the time a grain's magnetization will decay to 1/e of its original value (Dunlop and Ö zdemir, 1997) . The grain becomes useful for paleomagnetic studies when approaches geologic time scales. As a first order approximation, is calculated as:
C where C is the number of thermal excitations per second (10 9 s Ϫ1 ), V is the grain's volume, M s is the saturation magnetization, H c is microscopic coercivity, and kT is the thermal energy. The energy required to overcome the magnetic anisotropy of the grain is ½VM s H c . This anisotropy energy is the sum of the magnetostatic (shape anisotropy), magnetocrystalline, and magnetostrictive (stress) energies. Thus, small changes in coercivity, H c , cause exponential changes in relaxation time. Alternating field (AF) demagnetization can be used as an estimate of a sample's coercivity. The field required to halve the sample's magnetic intensity is called the median destructive field (MDF) and serves as a proxy for the sample's coercivity.
AF demagnetization was performed on single crystal fragments of clinopyroxene and plagioclase containing elongate, crystallographically oriented magnetite inclusions. Crystals containing irregularly shaped, nonelongate inclusions were carefully excluded from the experiments. Clinopyroxene and plagioclase crystals were analyzed from the Messum Intrusive Complex of Namibia (Renne et al., 2002) , the Freetown layered intrusion of Sierra Leone (Hargraves et al., 1999) , layer 3 gabbros from Ocean Drilling Program (ODP) Hole 735B (Worm, 2001) , Black Star diopside from southern India (Woensdregt et al., 1983) , and gabbros from the Bushveld Complex, South Africa (Hattingh, 1986) . Different sources show a range of MDFs, indicating that some silicate-hosted magnetite inclusions are more stable magnetic recorders (with longer relaxation times) than others (Table 1) . Two factors were found that strongly influence remanence behavior: inclusion microstructures and inclusion diameters.
INCLUSION MICROSTRUCTURES
Nanometer-to micrometer-scale microstructures such as dislocations and inclusions within a magnetic material can increase its coercivity (Dunlop and Ö zdemir, 1997) . Silicatehosted inclusions were examined for microstructures and magnetic domain states simultaneously using atomic and magnetic force microscopy (AFM and MFM). AFM images are topographic maps of a polished sample surface, while MFM images are qualitative representations of the vertical component of the magnetic field just above that surface (Proksch et al., 1992 senting either nonmagnetic areas or zones of surface-parallel magnetization. MFM images of clinopyroxene-hosted inclusions from the Messum Complex of Namibia (ET94) show a boxwork microstructure of sharply bounded rectilinear opposite polarity regions. In Figure  1B this black and white pattern continues beneath the polished clinopyroxene surface as the inclusion dips (22Њ) to the right, thus indicating that MFM observations are representative of remanence behavior deeper in the sample. The size and boundaries of the magnetic domains directly correspond to prismatic-shaped regions separated by thin lamellae (arrows in Fig. 1 ), which are seen as lower topographic relief in the AFM images. The boxwork pattern is about evenly divided between black and white magnetic domains, creating a checkerboard pattern. Occasionally, neighboring prisms share the same magnetic orientation, forming larger composite magnetic domains. The low-relief lamellae separating the prisms in the AFM images appear uniformly gray in the MFM images, indicating a nonmagnetic mineral phase within the oxide inclusion. The nonmagnetic mineral forming the lamellae is ulvöspinel (Fe 2 TiO 4 ) based on four observations. (1) Analytical transmission electron microscopy shows iron concentrations inversely varying with titanium and chromium in the lamellae (Fig. 2) . (2) Electron backscatter diffraction (EBSD) analyses indicate that the material has a crystal structure, symmetry, and orientation identical to those of the magnetite. (3) EBSD analyses show that the lamellae occur along {100} of magnetite ( Fig. DR1; see footnote 1) , consistent with previous observations of magnetiteulvöspinel exsolution textures observed in iron ores (Price, 1980) . (4) MFM images indicate a nonmagnetic mineral, in agreement with the paramagnetic nature of ulvöspinel at room temperature. The width of the ulvöspinel lamellae is thicker along some {100} than it is along others (Fig. 1A and Methods [see footnote 1]), creating narrow stacks of closely spaced magnetite prisms. This style of microstructure is seen in AFM and MFM images of clinopyroxenes from layer 3 oceanic gabbros (735B) and plagioclase crystals of the Freetown Complex, Sierra Leone, as well as in electron holography images of an iron ore from Mount Yamaska, Quebec (Harrison et al., 2002) (Table 1) .
The apparent dimensions of the magnetite prisms can be seen in AFM images as well as transmission electron microscope (TEM) images. Magnetite prisms in clinopyroxene sample ET94-2 have sides 70-400 nm long with an average aspect ratio of 0.48. This nanometer-scale texture is also observed in sample ET94-6, where the magnetite prisms are 60-1000 nm long with an average aspect ratio of 0.31. In sample ET94-5 magnetite prisms were observed using TEM (Fig. 2) with sides 150-600 nm long and an average aspect ratio of 0.67. Thus, a single clinopyroxene-hosted magnetite inclusion may comprise thousands to hundreds of thousands of individual magnetic domains. To gauge the stability of individual domains within the magnetite boxwork, MFM images were taken in incrementally increasing direct current fields (vertical) up to 72.5 mT, both with the field on and field off. At maximum field exposure only 12% of the magnetic domains changed polarity ( Fig. DR2 ; see footnote 1).
The enhanced magnetic stability of the nanometer-scale particle assemblages is attributed to the subdivision of multidomain-sized titanomagnetite needles into single-domainsized magnetite prisms. Because Bloch walls are unable to cross paramagnetic materials, the ulvöspinel lamellae separating the magnetite prisms prevent multidomain behavior in inclusions with intraoxide exsolution. The external dipolar (magnetostatic) field generated by each magnetite prism influences the magnetic direction of its neighboring prisms, resulting in the three-dimensional checkerboard pattern seen in Figure 1 . The coercivity of magnetite prism assemblages is a balance of a number of factors, including (1) the needle-like shape of the original inclusion, (2) the shape anisotropy of individual magnetite prisms, (3) the width of the ulvöspinel lamellae, which determines the degree to which the prisms interact, and (4) magnetocrystalline anisotropy. This boxwork arrangement of single-domain-sized prisms yields coercivities much higher than measured for similarly sized titanomagnetite needles without internal exsolution (see following discussion). The magnetostatic interactions between magnetite prisms are generally thought to weaken the demagnetizing field of the assemblage, and hence the coercivity of the assemblage (Stacey and Banerjee, 1974; Davis and Evans, 1976) . Thus, the amplified coercivities are solely due to the subdivision of multidomain-sized oxides into single-domain particles.
An important parameter is the formation temperature of the oxide boxwork. The two arrays of needle-shaped titanomagnetite inclusions in the Messum clinopyroxenes were the products of subsolidus exsolution, precipitating from their host silicate at 865 Ϯ 25 ЊC, based on cation exchange geothermometry, or 825 Ϯ 50 ЊC, based on optimal phase boundary theory (Feinberg et al., 2004) , well above 580 ЊC, the Curie temperature for pure magnetite. Subsequent unmixing of this titanomagnetite solid solution produced the magnetite-ulvöspinel boxwork structure. Phase relationships and exsolution temperatures for magnetite and ulvöspinel are not well defined. This oxide unmixing is dependent on factors such as original Ti content of the host silicate, f O 2 , and cooling rate. Early studies suggested that the apex of the miscibility gap is below 600 ЊC and is skewed toward pure magnetite (e.g., O'Neill and Navrotsky, 1984; Wechsler et al., 1984) . Thermodynamic models propose that magnetic ordering at the paramagnetic-ferromagnetic transition in titanomagnetite facilitates the unmixing of ulvöspinel (Burton, 1991; Ghiorso, 1997) . Thus, as a titanomagnetite solid solution cools and approaches its Curie temperature (e.g., ϳ500 ЊC for the Messum samples), it begins to acquire a thermoremanence. This incipient magnetic ordering triggers the oxide unmixing, which forms ulvöspinel lamellae and magnetite prisms with Curie temperatures of ϳ550 ЊC. Since the magnetite prisms are growing at temperatures below their Curie point, they acquire a thermochemical remanence.
Existing work in both the rock magnetic and material science communities links the unmixing of solid solutions to increases in coercivity. Strangway et al. (1968) noted that the high-temperature oxidation reaction that produces exsolved ilmenite lamellae along {111} in multidomain-sized titanomagnetites creates assemblages of highly stable interacting single-domain particles. Evans and Wayman (1974) were the first to establish a link between magnetite-ulvöspinel exsolution and increased coercivity in an iron ore from Mount Yamaska, Quebec. Harrison et al. (2002) used off-axis electron holography to directly image the magnetic interactions between magnetiteulvöspinel assemblages in Mount Yamaska iron ore and inferred a coercivity of 70 mT, consistent with the results of this report. This effect has also been applied in commercial magnets. Producers of Alnico magnets commonly generate higher coercivities in their materials by inducing spinodal decomposition, which causes the Al-Ni-Co alloy to unmix into crystallographically oriented magnetic and nonmagnetic constituents (Oliver and Shedden, 1938) . Artificially produced twodimensional arrays of interacting, single domain, Co-Pt prisms yield coercivities twice as large as do equal areas of unsegmented Co-Pt (Warin et al., 2001) .
INCLUSION DIAMETERS
Not all crystallographically oriented magnetite inclusions exsolved in silicate minerals have the internal boxwork texture described here. Clinopyroxene-and plagioclase-hosted inclusions with no internal segmentation were described by Frandsen et al. (2004) . For inclusions containing no intraoxide exsolution textures, a relationship exists between the inclusions' diameters and their median destructive fields (Table 1) . Inclusions with diameters Ͼ300 nm show large (0.8-4.0 m), irregularly shaped magnetic domains that eventually grade into multiple domains (Fig. 3) . The clouded feldspars of the Bushveld Complex contain elongate titanomagnetite inclusions Ͻ300 nm wide without intraoxide exsolution and exhibit average MDFs Ͼ90 mT (up to Ͼ150 mT). Luborsky (1961) also described diminishing inclusion diameter and increasing coercivity for elongate needles of iron and argued that different reversal mechanisms are responsible for the variable coercivities. Theoretically, magnetite needles with extreme shape anisotropy should have coercivities near 300 mT if they reverse by uniform coherent rotation (Dunlop and Ö zdemir, 1997) . However, magnetite inclusions rarely show such high coercivities because of nonuniform re-versal mechanisms such as vortex propagation, curling, buckling, and fanning, all of which act to reduce the effective coercivity. In the case of silicate-hosted magnetite inclusions, which closely approximate an infinite cylinder, the reversal mechanism is most likely vortex propagation and curling. Luborsky (1961) proposed that thinner needle diameters partially inhibit these nonuniform reversal mechanisms, thereby elevating the inclusions' coercivities closer to the values expected for pure coherent rotation. As the inclusion diameters increase, nonuniform reversal mechanisms become more energetically favorable and the coercivities decrease. Work by Ferré et al. (1997) and Xue et al. (2003) supports Luborsky's argument. Future micromagnetic modeling will help to more precisely define the diameters required for paleomagnetically useful relaxation times.
The acquisition of magnetization for inclusions without internal segmentation is thermoremanent. For clinopyroxene, the exsolution temperature of titanomagnetite inclusions can be estimated using the optimal phase boundary model (Fleet et al., 1980) . The lowest exsolution temperature reported using this method is 540 Ϯ 25 ЊC for the Duke Island Complex (Bogue et al., 1995) . For plagioclase-hosted inclusions, similar methods for determining the exsolution temperature are not yet available. However, a hightemperature exsolution is likely, since iron becomes less compatible in the plagioclase structure as temperature decreases. High Fe concentrations in plagioclase are found in rapidly cooled volcanic rocks (0.23-1.3 wt% FeO; e.g., Keil et al., 1972) . The estimated volume of magnetite in a single crystal of Bushveld plagioclase contains enough iron to exceed these values if it were incorporated into the silicate host, suggesting that the iron was exsolved at relatively high temperatures.
CONCLUSIONS
The coercivity of remanence for exsolved magnetite inclusions in silicates is enhanced by either intraoxide exsolution or reduced inclusion diameters. A single inclusion (1 m ϫ 1 m ϫ 20 m) affected by magnetiteulvöspinel unmixing can consist of hundreds of thousands of interacting single domains. The subdivision of titanomagnetite needles into assemblages of single-domain-sized prisms produces coercivities that are much higher than those measured for similarly sized inclusions without magnetite-ulvöspinel exsolution. For inclusions with diameters Ͼ300 nm, the presence of intraoxide exsolution is correlated with high coercivities, the absence with low. Inclusions with diameters Ͻ300 nm have elevated coercivities owing to the inhibition of nonuniform reversal mechanisms.
The ubiquity of these exsolved inclusions in mafic intrusive rocks indicates their potential utility in studying the pre-Mesozoic magnetic field and elucidating early plate tectonic crustal motions. In addition, results from ODP Hole 735B layer 3 gabbro support the probability (Kent et al., 1978; Davis, 1981 ) that oxides exsolved from pyroxene and plagioclase in oceanic gabbros are significant contributors to seafloor magnetism.
